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ABSTRACT

The develcpment and operation of two numerical soil water models
are described. The first model is restricted to one-dimensional
vertical water movement and incorporates the processes of
infiltration, redistribution and soil water evaporation. The
second model represents a uniform slope with parallel soil
horizons, and includes the additional processes of overland flow
and saturated throughflow. The general approach adopted was to
simulate flow for periods of several months without undue
reduction in the representation of physical processes.

Three soil textural classes were considered: gravelly sand, sandy
loam and clay. Measured rainfall and evaporation date were input
to the model. The depth of infiltration was found to be strongly
dependent on textural class, and to a lesser extent, on initial
water content. Soil water evaporation was significantly smaller
for the more permeable gravelly sand. In the slope simuletion,
duplex soils with an impeding clay subsoil formed perched water
tables and, when the upper aquifer became saturated, prcduced
overland flow. The amount of overland flow depended strongly on
the initial soil water deficit and hydraulic conductivity of the
upper aquifer.
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1. INTRODUCTION

The advent of computers as a research tool in the 1950's led to
many advances in the numerical modelling of individual physical
processes of soil water dynamics. Since that time numerical
studies of infiltration, redistribution and evaporation have been
undertaken for various soil cenditions (e.g. Klute, 1952; Whisler
et al., 1972; Wind and Van Doorne, 1975; Hillel, 1975; Haverkamp
et al., 1977). Such intricate problems as hysteresis (Rubin,
1967; Watson and Lees, 1975), air pressure effects (Vachaud et
al., 1973; Watson and Curtis, 1975), layered profiles (Hanks and
Bowers, 1962; Hillel and Talpaz, 1977) and spatial variability
(Dagan and Bresler, 1983; Clapp, 1983) have also been addressed.
Although more detailed research on individual processes is
undoubtedly required, the aim of the modelling presented here is
to simulate seasonal soil water dynamics in Western Australian
soils without undue loss of physical detail.

Two models were developed to examine vertical and lateral water
movement in soils commonly found in the south-west of W.A. Both
models treat the soil profile as composed of distinct horizons,
with each horizon having uniform properties. Three soil types,
namely gravelly sand, yellow earth and clay, for which physical
and hydraulic properties have been published (Sharma et al.,
1980), were used in the modelling. Various combinations of soil
types including uniform profiles and duplex profiles were
investigated. Of particular interest were duplex soils consisting
of sands or loams overlying a low permeability clay horizon.

These profiles are widespread in the ancient lateratized landscape
of W.A. They frequently perch water above the impeding clay
horizon during winter and generate saturated throughflow, which is
considered a major component of stream runoff (Stokes and Loh,
1982).



2. ONE DIMENSIONAL VERTICAL SOIL WATER MODEL

2.1 Mathematical Formulation

Model assumptions

It was assumed that the scil was homogeneous, isotropic and
non-swelling; that there was no hysteresis in the soil water
characteristic curve and that the movement of water occurred under
isothermal conditions. It was recognised that hysteresis would
probably be important when both wetting and drying processes were
being considered but its inclusion was beyond the scope of this
work.

Mathematical model

The soil profile was divided into a fixed number of compartments
or layers of constant or variable thickness (Fig. 1). The change
in water content (©6) of a given layer with time was determined
simply by the continuity equation:

98 _ _ 2g (1)
ot~ 0z

where t is time, q is the soil water flux and z is depth. The
soil water flux was given by Darcy's Tlaw:

9= - K(s) 42 (2)

where K(6) is the hydraulic conductivity function and h is the
total soil water potential. It was assumed that h comprises
solely the soil water pressure head (y) and gravitational
potential head (z) expressed as depth below the soil surface, viz

h=y -z (3)
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One-dimensional vertical soil water model
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Substituting equations (2) and (3) into equation (1) gives

08 _ 0 3y 9
5E 37 [K(e) é-—z—:} + 5—£K(e) (4)

If ei+% is the water content of the i+% layer, with boundary
fluxes q; and Q541 and thickness di+% then the solution of (N-1)
first order differential equations of the form:

ae. ., _ _ . (5)
geits = olqg - q5,9)/d;54, o 1 =1, N-1
where

O‘S(di—%+di+b

is required. The determination of K(ei) is discussed below. A
fourth order Runge-Kutta method was employed for the numerical
solution (see Appendix I).

At the surface boundary the water flux is the difference between
the rainfall input (P) and the evaporation loss (E):

q; = (P - E)/d;, (7)

unless the surface layer is saturated in which case ponded
infiltration is taken into account.

Soil water pressure head and unsaturated hydraulic conductivity

The soil water pressure head ¢(8) and unsaturated hydraulic
conductivity K(8) functions were taken from published data (Sharma
et al., 1980) for a small cleared catchment (Wights) in the



Darling Range of W.A. (Figs. 2a,b). A log-linear fit was made to
tabulated data.

Conductivity weighting between layers

To determine the flux across each compartment boundary it is
necessary to know the hydraulic conductivity at the boundary. The
appropriate value is not easily determined since only conductivity
values related to the mean water content of the compartment are
known. Haverkamp and Vauclin (1979) tested various approximations
to the bocundary conductivity for infiltration, including the
arithmetic mean, the harmonic mean, the geometric mean and the
'upstream mobility' concept (where the conductivity of the layer
which is contributing water is used). Schemes involving the
adjacent layer pressure head values and linear interpolation and
extrapolation methods were also considered. The authors concluded
that the accuracy of the solution for infiltration was very
sensitive to the method chosen and that the geometric mean
provided the least weighting error. However Markar and Mein
(1983) compared different conductivity weighting methods for
evaporation from a bare soil and concluded that the upstream
mobility method gave the best result. In the present model the
upstream mobility method (Fig. 3) was found to give 'smoother'
soil water profiles than the geometric mean and was adopted.
However it was appreciated that an improved technique should be
employed which caters satisfactorily for the combined
infiltration, redistribution and evaporation processes. One
promising approach is that of Wind and van Doorne (1975) who
suggested the integration (analytical or numerical) of fluxes
across adjacent layers.

Depth increment

The choice of depth increment, especially near the surface, is
known to have a significant influence on predicted evaporation
(Markar and Mein, 1983). Increasing the top compartment depth
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increases cumulative evaporation whilst decreasing the depth makes
the pressure gradient near the surface much steeper and increases
the chance of conductivity weighting errors. In the absence of a
preferred method a uniform depth increment was chosen and an
evaporation function applied to the uppermost layer which was
fitted to different soil types.

Variable time-step

The use of a variable time-step in the solution of the
differential equations is extremely useful for both computational
efficiency and numerical stability. The criteria used to
determine the minimum time-step (At) were as follows:

i A I
(1) t < minimum | di+%/Ki+% | i=1l, N-1

where 6 is an adjustable constant. This criterion essentially
ensures that water cannot completely traverse any one ccmpartment
in the time-step.

(i) At < e dyy (Bs)y - 8)y) /P, 91y < 8sqy (9)

where ¢ is an adjustable constant and 651%15 the saturated water
content of the top layer. This criterion ensured that rainfall
did not exceed the current soil water deficit of the top layer
within the time interval. This should apply except in the
situation where the soil profile itself is becoming or has become
saturated, in which case surface ponding or overland flow would be
generated.

(iii) Atmax= Yy (10)

Atmin = Y2
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where y; and y, are adjustable constants defined for each soil
type. This criterion setsupper and Tower limits for the
time-step.

Since rainfall and evaporation data are usually supplied at a
fixed time increment, it was necessary to adjust these data to the
time-step calculated from the above criteria. The method of doing
this is described in Appendix II.

Evaporation

Evaporation was assumed to occur either from water ponded on the
soil surface or from water occupying the top soil layer.
Evaporation of ponded water simply occurs at the potential

evaporation rate (E_). As regards soil water, the relatively

lTarge depth 1ncremeﬁts used in the model made it necessary to
relate the actual evaporation rate (E) to the soil water content
of the top layer. To do this a function was devised toc closely
fit the experimental data of Saxton et al. (1974) for a silt loam
soil (Fig. 4). The function utilized the 'end-points' of the soil
water evaporation range, that is the saturated water content (es)
and the evaporation limit water content (®;). [The evaporation
lTimit water content is that water content at which actual

evaporation approaches zerol. The function takes the form:

= - 6, — © c
E = E; exp cy ( S ) 2 (11)
% ~ ®n/

such that at 6 = o , E =8 .
5 p

This equation was applied to the yellow earth soil with the

parameters es = 0.5, eL = 0.25, cy = 10, c, = 5 and the resulting
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function closely followed the silt Toam soil evaporation
characteristic in Fig. 4. The sand and clay characteristics in
Fig. 4 were predicted using the same cq and C, parameter values
but with their appropriate 8 and 8.
Ponding

The simulation for flat, low permeability soils (e.g. clays)
necessarily involves the ponding of water on the soil surface.
The effects of ponded water incorporated in the simulation were

(i) actual evaporation rate is equal to the potential evaporation
rate. Within a given time-step, ponded water is evaporated before

soil water.

(ii1) infiltration occurs under an additional positive head, equal
to the depth of the ponded water (H).

Infiltration

In field situations infiltration rate is governed partly by
surface conditions and partly by the rate at which water
infiltrates deeper into the soil profile. As implied by the model
assumptions, only the latter process was included in this model.
The reason for the omission of surface factors is the complexity
in formulating algorithms to describe such effects as degree of
compaction, microbial activity and soil cracking. These factors
are probably best dealt with, at least initially, in a detailed
surface infiltration model.

2.2 Results

Since the main objective of this modelling exercise was to
simulate seasonal water balances, little discussion is given to
the short time-scale responses of water content profiles to storm
events. The meteorological data input to the model was rainfall
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and Class A pan evaporation from Waroona, W.A. for the winter
period June-September 1979 (Fig. 5). The total rainfall and
potential evaporation for this period were 478 mm and 199 mm
respectively. As mentioned previously, three soil types, namely
clay, yellow earth and gravelly sand were considered. In each
case a uniform initial water content profile or a step increase to
saturated water content at depth was assumed (Fig. 6). The soil
water properties and model parameters common to all simulations
are listed in Table 1. A summary of the initial conditions for
all the vertical model simulations is given in Table 2.

Table 1 : Soil water properties and model parameters common

to all vertical and slope model simulations

property values
(time-step criterion 0.01
constant)
-3 -1
saturated ( clay 0.2 x 10 "m d .
conductivity ( yellow earth 60.0 x 10'3m d”
-1
(Ksat) ( gravelly sand 9.6 m d
-3
saturated ( clay 0.6 m
water ( yellow earth 0.5 "
content (GS) ( gravelly sand 0.35 "
evaporation ( clay 0.33 "
soil water ( yellow earth 0.2 "

limit (6.) ( gravelly sand 0.1 "
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Table 2 : Initial conditions for vertical model simulations

Scil type Initial Depth to Number of Layer
water saturated layers thickness
content water (m)
(m%n™3) (m)
clay 0.34 1.6 20 0.1
clay 0.55 1.6 20
yellow earth 0.20 semi-infinte 20 0.25
yellow earth 0.40 4.0 20 0.25
yellow earth 0.40 semi-infinite 20 0.40
gravelly sand 0.11 semi-infinite 20 0.30
gravelly sand 0.20 semi-infinite 20 0.30
gravelly sand 0.11 3.0 10 0.30
gravelly sand 0.20 3.0 10 0.30
gravelly sand distribution 3.0 10 0.30
Clay

Two initial water contents were considered (9.
0.55 m3m-3)

cases are shown in Fig. 6. The saturated water at a depth of
1.6 m had no influence on infiltration and redistribution.

and the resulting soil water profiles for these two

2
In the Oinie= 0.34 m3m “ case, infiltrating water had reached

0.45 m depth by the end of the total period. Ponding of water
took place almost immediately and reached a maximum height of

205 mm. Consequently the soil water evaporation (190 mm) was
close to the potential evaporation (199 mm). The total change in
soil water storage was 89 mm, with 199 mm still ponded at the end
of the pericd.



Depth (m)

9 3HNODIL

Volumetric water content
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Oi8 09 1.0
1 1 1 1 { 1 | 1 J

0.2 4

0
0.24
0.4+
0.6

0.8+

1.0

1.2 1

1.4

s .t . S — —

1.6 —

1.8 4

Time 117 days
Impermeable

OO0 OO OO0 06CD 06O O G0 ¢ 00 @ O 9 €6 6 % o000

Depth (m)

0

Volumetric water content
0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1.0
i i 1 i 5 i t 1 1 }

0.2 1

O4——————— ——— ——

0.2
0.4
0.6-
0.8
1.0
1.2 -
1.4-
1.6 -

1.8

™
o
L
|
I
|
I
I
|
I
I
I
|
I
I

]
L]
°
e
°
© ® 2 0 0 © 090 0 0 g

Key

— 0 Bl BBl P Ol Dy

L

Time 117 days
Impermeable

Soil water profiles following infiltration and ponding on clay

Initial water
content

Final water
content




17

In the second example (8, ;, = 0.55 m3m’3) the initial soil
hydraulic conductivity was somewhat higher and this led to deeper
infiltration. At the end of the period water had infiltrated to
0.90 m. However the total change in soil water storage was only
31 mm. This agrees with the observation that total infiltration
for some soils decreases with increasing soil water content even
though the initial conductivity of the soil is somewhat higher.
Soil water evaporation (199 mm) eqUa]ied potential evaporation
(199 mm) due to ponded water which in this case stood at 248 mm at

the end of the period.

Yellow earth

Three simulations for the yellow earth soil were run with the
initial conditions shown in Table 2. The resulting water content
prcfiles are shown in Fig. 7.

In the first simulation (einit = 0.2 m3m'3)

reached a depth of 2.1 m. Due to the high water content close to

, infiltrating water

the soil surface, soil water evaporation was high (167 mm). The
infiltration capacity of the soil was only exceeded during one
storm during which the ponded water reached a maximum depth of
1.8 mm. The total amount of water infiltrating the soil was
consequently high and an increase in soil water storage of 311 mm
occurred by the end of the perijod.

In the second simulation, the higher initial water content
resulted in faster movement of water through the soil. After only
85 mm of rain the wetting front met the redistributing wetter
layer. By the end of the period nearly all of the soil profile
was saturated. The soil water evaporation increased (192 mm) due
to the higher water content close to the surface. On the other
hand the net addition to soil water (286 mm) decreased slightly
compared to the previous example.
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In the third simulation the saturated layer was excluded. At the
end of four months water had infiltrated down to 7.8 m.

Gravelly sand

This soil was the most permeable with a saturated hydraulic
conductivity approaching 10 m d"!. Because of this high
permeability, soil water changes were much more rapid than for the
other soils and this necessitated very small time-steps to
maintain numerical stability when the soil approached saturation.
These soils thus provided the greatest problem for seasonal
simulations because of excessive computational requirements.
Several methods were attempted to improve efficiency:

(1) reduce number of soil layers (N) (computational time is
propertional to Nz);

(i1) increase layer thickness (this may only be useful in deep
soils);

(iii) tune the parameters in the time-step criteria for optimum
efficiency whilst maintaining numerical stability.

By employing the above techniques, leng term simulations with
minimum time-steps around 1 to 4 minutes were achieved, although
computational time remained high. Five different situations were
considered with the initial conditions as specified in Table 2.

The first two simulations considered infiltration for different
initial water contents (Fig. 8). In the first case (einit = 0.11
m3m'3), after four months the infiltrating water had reached a
depth of 4.4 m. Soil water evaporation (92 mm) was Tower than
that for the other soil types due to the low amount of soil water
retained near the surface. The largest component of the water

balance was the change in soil water storage (386 mm).
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In the second example the soil water was initially at the higher
value of 0.2 m3m'3 and this gave rise to a rapid movement of weter
through the soil. After 72 days (307 mm rainfall) the

infiltrating water had reached a depth of 14 m.

The next two simulations (Fig. 8) were identical to the above
except that an artificial impermeable base was assumed to occur at
3 m depth. Thus once infiltrating water reached this base the

‘ - 3_-3
init 0.2 m™m
the water table nearly reached the soil surface by the end of the

period.

soil above it became saturated. In the 6, example,

The above results emphasize the 1mportance of antecedent
conditions (in particular the initial water content) on
%H%{Ytration, soil water evaporation and the formation of perched
vater tables. To obtain a more realistic initial soil water
profile, the soil profile was subjected tc drying from an initial
water content of 0.2 m3m"3 through the four month period. The
resultant soil water profile was then used as the initial soil
water profile in the final simulation. A generally similar result
to the fourth simulation was obtained, with the water table in

this case rising to 1 m below the surface.

The soil water profiles shown in Fig. 8 give Tittle information on
the relative effects of infiltration, redistribution and
evaporation during the winter period. For this reason a time
series of soil water profiles for the gravelly sand is illustrated
0, 5p = 0.11 m°m™>)
infiltration and redistribution following rainfall input are

in Fig. 9 (for the case . The cycles of
generally apparent with evaporation having most effect close to
the surface. A summary of all the vertical model simulation
results is given in Table 3.
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Table 3 : Vertical model results summary

Soil Initiel Initiel Period Rainfall Potential Soil Change in Infilt- Maximum Final Minimum
type water depth to (days) (mm) evap. water soil water ration ponding ponding timestep

centent saturation {(mm) evap. stcrage depth (mm) (mm) (mins)

3 -3 (m) (mm) (mm) (m)

{(m"m ")
clay 0.34 1.6 117 478 199 190 89 0.45 205 199 180
clay 0.55 1.6 117 478 199 199 31 0.90 254 248 180
yellow semi-
earth 0.2 infinite 117 478 199 167 311 2.1 6 0 63
yellow
earth 0.4 4.0 117 478 199 192 286 W/T 13 0 61
yellcw Semi-
earth 0.4 infinite 117 478 199 194 352 7.8 5 0 180
gravelly semi-
sand 0.11 infinite 117 478 199 92 326 4.2 : 0 0 1
gravelly semi-
sand 0.20 infinite 72 307 107 63 244 14.0 0 0 20
gravelly
sand 0.11 3.0 117 478 199 94 384 W/T 0 0 2
gravelly

sand 0.20 3.0 117 478 199 101 377 W/T 0 0 3
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3. ONE DIMENSIONAL UNIFORM SLOPE MODEL

The development of a hillslope model was restricted to a single

(Fig.
included were overland flow and

uniformly sloping element

Unsaturated throughflow was not
throughflow in perched aquifers
mechanism in the region (Stokes
applied to clay soil
over clay soils.

3.1 Mathematical Formulation

Overland flow

A simple treatment of overland flow was employed.

10). The additicnal processes
saturated throughflow.
incorporated because saturated
is the deminant Tateral flow

and Loh, 1982). The model was

and to duplex sand over clay and yellow earth

The surface

discharge per unit width for turbulent flow is given by Manning's

equation: -

(12)

where n is Manning's roughness factor, S is the slope and H is the

depth of surface water.

Substituting

E_H. = —aqs
ot 9 X
. E
gives 9H _ _ S§* &
3t nxL
where X

L
surface of the single element.

into the continuity equation:

(14)

is the horizontal length of the unifcrmly rough plane
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In reality overland flow is usually partly laminar and partly
turbulent and the depth exponent should T1ie between 1.67 and 3.
Hillel (1980) suggested that an exponent of 2 gives satisfactory
results and that value was adopted.

The numerical accuracy in solving the overland flow equation
explicitly was ensured by introducing a further time-step
criterion based on the Manning velocity (vm):

(15
At o< B X /v )

where B is an adjustable constant.

Saturated throughflow

The situation considered was the development of & perched aquifer
in a sandy or loamy superficial soil overlying a clay subsoil.
Saturated throughflow was simply treated as a sink term
operational when any layer became saturated.

The change in soil water content with time is given by

8q, _ 99y
9z 29X

99 -
3t (16)

where q, and q are the vertical and lateral fluxes respectively.

Assuming a zero flux plane exists at the upper vertical boundary
of the slope element, the set of first order differential
equations to be solved are
a,. ~— 9

q
80y _ Vi i+l - iy, i=1, N-1

dt di+% X,

(17)
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where = - K S

q

Li+% sat; .y (18)
and Ksat is the saturated hydraulic conductivity. The set of
differential equations (17) were again solved simultaneously with

a fourth order Runge-Kutta algorithm.

3.2 Results

Clay soil

The first simulation, for a clay soil of low permeability,
generated a high proportion of surface runoff. The model

parameters are listed in Table 4.

Table 4 : Model parameters for clay uniform slope simulations

stope(S) 0.02

length (xL) 120 m

initial water content (8, ..) 0.34, 0.55 mom™3
Manning roughness coefficient (n) 0.1

surface velocity time-step parameter (B8) 0.5

number of layers 5

thickness of layers 0.1 m

surface depression storage 2.5 mm

The results of the simulation are illustrated in Fig. 11. Of the
478 mm rainfall, 231 mm became surface runoff and a further 186 mm
was evaporated, with only 60 mm infiltrating the clay soil. The
second simulation, with e, ., = 0.55 m3m'3, produced 256 mm
overland flow, 198 mm evaporation and only 21 mm infiltration.
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Duplex soils

The model parameters for gravelly sand over clay and yellow earth
over clay simulations are listed in Table 5.

Table 5 : Model parameters for duplex yellow earth over clay
and gravelly sand over clay uniform slope simulations

Model Parameters yellow earth/clay sand/clay
slope (S) 0.088 0.088
lTength (xL) 225 m 225 m
saturated conductivity (Ksat) 4.2 x 10"5 m/rgin3 6.7 )(10'3 mémig
initial water content (6, .,) 0.3/0.38 m™m~ 0.11/0.39 m™m~
roughness coefficient (n) 0.1 0.1
time-step parameter (§) 0.5 0.5
thickness of A horizon 1.0 m 1.00m
no. of layers in A horizon 5 4

no. of layers in subsoil 5 4
evaporation limit (BL) 0.2 0.1
surface depression storage 2.5 mm 2.5 mm

Yellow earth over clay

The rainfall, runoff and soil water content profiles for a
simulation involving one metre of yellow earth over clay are shown
in Fig. 12. The soil water content was initialised at 0.3 m3m"3
in the yellow earth and 0.38 in the clay horizon. The early
rainfall infiltrated the soil and after 40 days a near-uniform
soil water profile close to 0.4 m3m'3 had developed in the upper
horizon. The heavy rainfall on the 53rd day produced a small
amount (12 mm) of infiltration excess overland flow. A short time
later & perched water table developed above the impeding clay

horizon. Since the saturated conductivity of the yellow earth
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soil was low, little saturated throughflow occurred and the upper
horizon soon saturated. Considerable saturation excess overland
flow was generated during the 70-73 day storm period. The water
table remained high to the end of the simulation period but only
one further rainfall event yielded overland flow. In this
simulation, 43 mm became overland flow, 197 mm was lost to
evaporation, 53 mm infiltrated the clay subsoil, 185 mm became
topsoil water storage and only 0.5 mm drained as saturated
throughflow.

A second simulation in which the upper horizon was extended to 2 m
showed a dramatic reduction in overland flow to 2 mm. This
decrease was due to the increased soil water deficit of the upper
horizon. Soil water deficit, whether in terms of soil water
content at the end of summer, or in the depth of permeable soil,
was found to be a major determinant of the amount of overland flow
generated by saturation of the topsoil.

Gravelly sand over clay

Long term simulations of gravelly sand over clay were the most
difficult to achieve due to the high hydraulic conductivity at or
near saturation of the upper horizon. The high hydraulic
conductivity enforces small time-steps to maintain the numerical
stability and accuracy of the solution. This situation becomes
increasingly acute with decreasing depth of upper horizon. The
number of model Tayers through the profile was decreased to & to
reduce computational time.

The rainfall, overland flow, saturated throughflow and soil water
profiles for the simulation involving a one metre upper horizon
are shown in Fig. 13. By 40 days the wetting front had reached
the clay horizon and a perched water table had formed. At this
stage saturated throughflow became prcminent and effectively
drained the perched aquifer so that very little saturation excess
overland flow occurred. By the end of the simulation period,
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113 mm had drained as saturated throughflow, 104 mm was lost to
evaporation, 189 mm had been added to topsoil water storage and 72
mm had infiltrated the clay subsoil. There was no overland flow.

A second simulation with a two metre gravelly sand upper horizon
again demonstrated the effect of soil water deficit by reducing
saturated throughflow to 50 mm. In this example 263 mm of the
478 mm rainfall was held in soil water storage at the end of the
simulation period. A summary of the results of the simulations
described above is given in Table 6.



Table 6

Summary of uniform slope model results

Soil
type

clay
cley

yellow
eerth/
clay

yellow
earth/
cley

gravelly
sand/
clay

gravelly
sand/
clay

Surface
soil
depth

1.0

2.0

Initial
water
ccntent

(n°n"3)

0.34
0.55

0.3/0.39
0.3/0.3¢
0.11/0.34

0.11/0.34

Rain

(mm)

478
478

478

478

478

478

Potential
evap.
(mm)

199
199

208

208

208

208

Soil
water
evap.
(mm)

186
199

197

192

104

100

Cverlend
flow
(mm)

231
256

42.5

2.0

0.0

Throughflow
(mm)

0.0

113

50

Change in
topsoil
water
storage
(mm)
60

21

185

256

189

263

Maximum
ponding
(mm)

Final depth
to water
table

(m)

Change in
subsoil
water
storage
(mm)

53

27

72

65
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4. SUMMARY AND CONCLUSIONS

A model has been developed which is capable of estimating seasonal
soil water profiles, soil water evaporation, overland flow,
infiltration and saturated throughflow for one-dimensional
vertical soil profiles and uniformly sloping soil profiles. The
model has been applied to a range of soil types and to duplex
soils.

The model was found to be numerically accurate, stable and
efficient for clay and loam soils because of their low hydraulic
conductivites. The model was less efficient in simulating
gravelly sand due to its high hydraulic conductivity, especially
at or near saturation or for & shallow soil horizon. This
necessitated small integration time-steps and consequently high
computer time usage. However, four-monthly simulations of a one
metre gravelly sand horizon overlying clay, involving saturated
throughflow, were achieved.

The one-dimensional vertical flow model was applied to three
textural classes, namely clay, sandy loam and gravelly sand.
Infiltration into the clay was very slow (0.4 - 0.8 m in four
months) and this resulted in considerable ponding at the surface.
The depth to which water infiltrated was found to increase with
initial soil water content. However the amount of infiltrating
water decreased with increasing initial water content which
supports the field observation that for some soils infiltration
capacity decreases with water content, despite the higher
hydraulic conductivity.

The rate of infiltration into the sandy loam (yellow earth) was
much greater than for clay and was also very sensitive to initial
scil water content. The infiltration depth after 4 months ranged
fgoT32 metres at‘einit = 0.2 m3 3 to 8 metres.at Oinit - 0.4
m™m “. Evaporation from the sandy loam was slightly less than
that for clay.

-
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Gravelly sand provided the fastest_advance of the wetting front,
which again was very sensitive to initial soil water content. For
the case 8, ., = 0.11 m3m'3, the wetting fron§ h;d reached 4.4
metres after 4 months while for 0 init = 0.2 m™m a depth of 14
metres was attained in a lTittle over 2 months. The fast movement
of water through the soil resulted in substantially smaller
evaporation losses from the gravelly sand in compariscn to the

other soil types.

The uniform slope model was applied to a clay soil and to duplex
yellow earth over clay and gravelly sand over clay soils. In the
former case, as one may expect, substantial overland flow was

generated from the low permeability clay soil.

The consideration of duplex scils was of more interest to the
local environment. One and two metre upper horizons for yellow
earth and gravelly sand were considered. The water balance
components were found to be highly sensitive to the depth of the
upper horizon. In the case of yellow earth over clay, substantial
overland flow occurred as a result of the upper horizon becoming
saturated. One reason for the upper horizon becocming saturated
was its insignificant depletion by saturated throughflow, due to
the low saturated conductivity of the soil. In contrast, in the
gravelly sand over clay duplex soil, significant saturated
throughflow occurred in the upper horizon which in turn
substantially reduced overland flow. When the depths of the upper
horizons are increased, their soil water storages are increesed
and consequently much less water is available to saturate the
upper horizon, thus causing significant decreases in overland flow
~and saturated throughflow.

Future work will involve the testing of the models against known
analytical and numerical solutions and field experiments. In
addition the inclusion of hysteresis and unsaturated throughflow
will be considered.
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APPENDIX I : Runge-Kutte algorithms to solve water transport
equations

The Runge-Kutta algroithm is a self-starting, multi-step method
derived from a Taylor series expansion. The order of the method
for solving an ordinary differential equaticn is defined as the
number of terms needed in the Taylor series for the same accuracy.
The fourth order method is used here end is described in the
following.

Consider the differential equation

dy = f(x,y)

dx
To sclve this differential equation, i.e. to find the value of y
for a particular x, given the value of y at the initial point,
the region is divided into subintervals of width w and the
following iteration is performed: '

where kg = f(xj, yj)w
ko = f(xj + 1/2w, Y + 1/2k1)w
k3 = f(x. + 1/2w, yj + 1/2 k2)w
kg = f(xj + w, Y + k3)w
The method is multi-step because it uses points at x = xj, X = xj

+ 1/2w and x = xj+w, yet because it generates its own intermeciate
steps it is self-starting.
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The soil water equation for the vertical model is

921+% - 9 - 9341, i=1, N-1
dt ST
or
a0, . Ki(0) 1 hyy = hyyy - K1 (8 p by =By
dt GRS 0.57d; , +d;,) d; 0.57d; 1 ¥d; 11
= f(o,h)

Substituting into the Runge-Kutte iteration:

9. (t+At) = 6., ,(t) + 1 .
i+ i+l z (kl + 2k2 + 2k3 + k4)
where
k, = fl (6,h)At
—— 1 1
k2 = f2 (8',h")At
where 6'=6+%kl

k — f3(6",h")At

where e"=e+%k2

k - f4 (enl,hﬂi)At

where 9"'=9+k3-

An identical procecdure is followed in the sloping model where the
soil water transport equation takes the form:

4. _ g q
i Visl - Dipy ,  i=1, N-1
di 4y L

ase .
—Tt-l+;i =
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In this case there is simply an extra term in the function
evaluations.
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APPENDIX II Adjustment of climatical input data to variable time
increments

When using a variable time-step in the solution of the
differential equations, it is necessary to convert the climatical
data input, which is on a fixed time increment, toc the new
computed time-step. Different algorithms are necessary for doing
this depending on whether the computed time interval Ties within
an input time-increment or whether it crosses the boundary. These
two situations are discussed below:

(a) Time-step lying within input time interval

This situation is illustrated below. If tl is
m

! 2 3
input intervals: +====P(m; ) ====+
4 +
variable time-steps: ty t,
tmmmpAt———

the time at the end of the previous time-step and At is the

computed time-step, then the time at the end of this new time-step
is

tz = t]. + At
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[f At 1ies between the input time-intervals my and m and P(mlz)
is the climatical quantity associated with this interval, then the
value of the climatical variable for the time-step At is:

P(at) = (t, - t;) P(m,)

(b) Time-step traversing input time-interval boundary

This situetion is illustrated below. If fl is the fraction

my m, My my M1 50
+==Pp (le) TT]l e e s anscanscacse s <P (mi'l+l)
+“fl——+ +f2+
< At ——
t
tl 2

of P(m12) in ot and f, is the fraction of P(m1,1+1) in at, then
the value of the climatical variable for the time-step at is

i=i-1
P(At) = ¢ P .
(at) . (ml) + fl P(mlz) + £, P(mi,i+l)
2
where
fl = mz—tl
f. = t.-m





